ABSTRACT: We consider the highly radiative, long-lived photoluminescence (PL) component observed in colloidal CuInS 2 /ZnS core/shell quantum dots (CIS/ZnS QDs) and provide evidence of the involvement of intra-gap defect states in the emission, settling a long ongoing discussion in the literature. Femtosecond transient absorption (fs-TA) spectroscopy was used to investigate sub-picosecond dynamics in these technologically important QDs. Spectral and kinetic analysis of the fs-TA data, in combination with femtosecond pump-dump-probe (PDP) experiments, revealed a stimulated emission (SE) component in CIS/ZnS QDs for the first time. PDP experiments showed that the excited state absorption (ESA) signal, originating from the conduction band (CB), was immune to the depopulation of 2 the emitting state by a third, 'dump' laser centered close to the luminescence maximum. We conclude that the optical transition responsible for the observed room-temperature PL in CIS/ZnS QDs cannot originate from the CB as postulated in the literature, but rather from high-lying intraband donor states most likely associated with indium-copper anti-site defects. Filling of the emitting sub-bandgap state was assigned with a time constant of 0.5 ps and de-excitation via remaining surface states was associated with a 1.8 ps time constant. A third longer decay constant (27 ps) was attributed to Auger recombination.
1

Introduction 2
The inherent bond length mismatch (R I-VI ≠ R III-VI ) in ternary I-III-VI 2 chalcopyrite semiconductor 3 compounds such as CuInS 2 (CIS) is manifested as an anion displacement, [1] [2] [3] leading to a tetragonal dis-4 tortion of the crystal lattice and an abundance of intrinsic point-defects. 4 These structural perturbations 5 strongly influence the optoelectronic properties of such materials and render this group of semiconduc-6 tors widely applicable. Generally, the band gaps of I-III-VI 2 materials are anomalously reduced relative 7
to the band gaps of their binary II-VI analogues 5 and either n-type or p-type behaviour can be selected 8 by tuning the off-stoichiometry without introducing external impurities. 6 Furthermore, the band gaps are 9 stable against off-stoichiometry (due to a dynamic interplay between the band edge positions and defect 10 formation energies). [7] [8] [9] 11
The band gap of bulk CIS (1.53 eV) 10 is such that CIS quantum dots (CIS QDs) can be size-tuned to 12 optimally absorb within the solar spectrum and to emit in the red to near-infra-red region of the spec-13 trum. These QDs have thus been advocated for use, amongst other applications, as the absorbing com-14 ponents in photovoltaic solar cells and as fluorescent probes for the imaging of biological systems, 11, 12 15 because they are expected to have a reduced toxicity compared to Cd-based QDs. 13, 14 16 An elegant synthesis route towards highly crystalline, luminescent CIS QDs has been established and 17
CIS QDs coated with a CdS or ZnS shell (i.e. CIS/CdS or CIS/ZnS QDs) have enhanced photolumines-18
cence quantum yield (PLQY) compared to the core-only CIS QDs, approaching that of Cd-based QDs. 15 
19
It is clear that the binary Zn or Cd sulfide layer saturates the 'dangling' bonds at the QD surfaces, effec-20 tively removing surface defects and non-radiative intra-gap trap states associated with them. [16] [17] [18] Despite 21 this understanding, the mechanism behind the radiative component observed in CIS QDs (and more 22 dramatically in CIS/ZnS QDs) remains unclear, with various models of exciton recombination having 23 been suggested in the literature. 15, 19, 20 24 A better understanding of the excited state dynamics in CIS QDs is required before the system can be 1 optimized for a particular application. In the context of the broad potential applications an improved un-2 derstanding of exciton recombination dynamics will enable more efficient charge extraction techniques 3 to be developed for solar cells based on CIS QDs, and in biological imaging applications will enable the 4 penetration of the emission through biological samples to be maximized, reducing the QD dose re-5 quired. 6
Several studies have investigated the highly luminescent and long-lived nature of the emission from 7 CIS QDs, primarily by means of PL spectroscopy.
15, 19-26 Surprisingly, CIS QDs show a large Stokes-8 shift and the emission band is very broad. This is in contrast to the characteristic small Stokes-shift and 9 narrow emission band observed for 'band-edge' emission in CdSe QDs. 16, 17 The emission characteristics 10 of CIS QDs suggest that the PL dynamics involve deep intra-gap defect states. This is supported by two 11 further observationsμ firstly, that for large CIS nanoparticles the 'red' side of the PL spectral peak ex-12 tends to longer wavelengths (> 850 nm) than a band edge transition in the bulk material would permit. 13
Secondly, the PLQY of Cu-poor CIS QDs, which is expected to have a high density of defects associat-14 ed with copper vacancies, is greater than that of an equivalent stoichiometric sample.
27, 28 It has been 15 frequently suggested that this defect-related emission originates from donor-acceptor pair (DAP) re-16 combination, although various trap states and mechanisms have been invoked. 19, 20, 23, [28] [29] [30] [31] [32] 
17
A coupling from the CB to the emitting donor state is necessary for DAP recombination to occur and 18 either a radiative or non-radiative transfer of energy is required. Time-resolved (nanosecond) PL spec-19 troscopy performed on CIS and CIS/ZnS QDs have identified a highly radiative component with a long 20 lifetime (on the order of 100 ns) which is enhanced upon ZnS shell formation, whilst a faster component 21 associated with surface trap states is suppressed. 15, 33 These studies conclude that the emission upon ex-22 citation is instantaneous (on the nanosecond timescale) and therefore originates from the CB, which par-23 tially contradicts the DAP recombination postulated by Nam et al. 19 Nevertheless, population transfer 24 between the CB to a donor state could be possible on an ultra-fast time-scale, reconcilable with fast 1 moving electrons and 'electron deficient' donor states. 2 A first attempt to gain information about possible ultra-fast non-radiative contributions in the relaxa-3 tion process in CIS/CdS QDs following photo-excitation was undertaken by Li et al. 15 in the form of 4 fs-TA spectroscopy. A loss feature was observed at the band edge position after 4 ps and was attributed 5 to the bleaching of the ground state (GSB). However no contribution from SE or ESA was identified. 6
Furthermore, no time-dependent fs-TA data were presented. 7
In the present study the ultra-fast exciton relaxation dynamics over the first 50 ps in CIS/ZnS QDs are 8 probed by fs-TA spectroscopy, in an attempt to observe SE and the GSB recovery. TA spectroscopy 9 holds many advantages over steady-state absorption spectroscopy and even time-resolved PL spectros-10 copy, since both the electron and hole dynamics can be resolved. The results are discussed in the context 11 of two recent publications by Sun et.al 34 and Cadirci et.al 35 that also investigated the dynamics with fs-12 TA spectroscopy. We employ Gaussian fitting in the spectral domain to reveal that the negative TA sig-13 nal is composed of two components (GSB and SE) and perform pump-dump-probe (PDP) experiments 14 in order to directly observe the depopulation of the emitting state. The results are contradictory to previ-15 ous suggestions that the emission originates from the CB, rather than a sub-bandgap state as our data 16 implies. 17
Experimental Section 18
Materials: Indium (III) acetate (99.99 %), copper (I) iodide (99.999 %), dodecanethiol (DDT, 19 > 98 %), zinc stearate (90 %), and octadecene (ODE, 90 %) were purchased from Sigma Aldrich. HPLC 20 grade methanol, chloroform, acetone and hexane (> 97 %) were purchased from Fisher Scientific (UK). 21
All chemicals were used as received. 22
Synthesis of CIS/ZnS QDs: CIS QDs were synthesized following methods reported elsewhere. 36 23 Briefly, 0.1 mmol of copper (I) iodide, 0.1 mmol of indium (III) acetate and 4 ml of DDT were placed in 24 a three-neck flask which was then purged with argon for 30 minutes before being heated to 100 °C, 1 whilst being continuously stirred. After ten minutes, the powders were fully dissolved in the DDT and 2 the solution had turned a transparent yellow colour. The solution temperature was raised to 210 °C un-3 der argon. The temperature was maintained for a set period of time (i.e. 5-60 minutes) and then rapidly 4 cooled, the reflux time governing the size of the nanocrystals. In this case, the reflux time was set at 5 10 minutes to produce ~ 3 nm QDs. The ZnS shell was formed on the CIS NPs by introducing 0.2 mmol 6 of zinc stearate, dissolved in 4 ml of ODE, to the as-synthesized NP solution. The temperature of the 7 solution was raised back to 220 °C and maintained for 60 minutes. 8
Nanoparticle cleaning: The CIS/ZnS/DDT QDs in hexane were diluted tenfold in a chloro-9 form/methanol/acetone mixture (1:1:10). The solution was then centrifuged at 4000 rpm for 10 minutes 10 at room temperature, resulting in a QD pellet. The supernatant was decanted and the QDs were re-11 suspended in hexane. The cleaning process was cycled at least three times. The hydrophobic QDs were 12 stored at 8 °C protected from light. 13
Spectrophotometry and spectrofluorophotometry: UV-Visible absorption spectra were recorded with 14 a Perkin−Elmer Model Lambdaλ00 spectrophotometer. Photoluminescence spectra were recorded with a 15
Jobin Yvon Horiba FluoroMax-3 fluorescence spectrometer fitted with a red-sensitive detector calibrat-16 ed to the manufacturer's standard. The excitation wavelength was set to 540 nm. 17
Transient absorption and pump-dump-probe spectroscopy: The transient absorption experiments 18
were conducted with a Ti:sapphire laser system (CPA2110, Clark-MXR Inc.). The fundamental (772 nm 19
with an output power of 1 W at a repetition rate of 1 kHz with temporal full width half-maximum 20 (FWHM) of 150 fs) was split into three separate beam lines to generate a tuneable pump pulse, the 21 probe continuum and the dump pulse. 22
The pump pulse was generated by converting a part of the 772 nm fundamental in a commercially 23 available nonlinear optical parametric amplifier (TOPAS-white, Light Conversion Ltd.) to yield tunable 24 pulses in the range 500 nm to 650 nm. The pump pulses were near the transform limit with temporal 1 FWHM < 60 fs, as measured by frequency-resolved optical gating, and all experiments were conducted 2 with average pump energy of < 1.2 µJ and a spot size of ~100 µm at the sample, giving a fluence of ap-3 proximately 10 mJ cm -2 . Reflective focusing optics were used to minimize chromatic and temporal aber-4 rations. 5
The probe continuum was generated by focusing an IR-beam centered at 1060 nm into a 1 cm fused 6 silica cuvette filled with deionized water, with convection heating. The IR pulse was generated in a 7 commercially available nonlinear optical parametric amplifier (NOPA, Clark-MXR Inc.) with an energy 8 output of approximately 8 µJ. The white light stability was improved with a long-pass filter (RG850) to 9 remove the CPA fundamental and a variable neutral density filter to attenuate the pulse energy prior to 10 the white light generation. The temporal chirp of the probe continuum was corrected mathematically in 11 data processing, by determining the initial chirp function on basis of the experimentally observed coher-12 ence spike and thus allowing for the correction of each probe wavelength to time zero. 13 A fraction (1-4 µJ) of the fundamental 772 nm laser pulse served as an alternative pump pulse and was 14 also used as dump pulse in the three-pulse PDP experiments. 15
The sample stage used a 0.5 mm fused silica flow cell with a micro-pump (M400K, TCS Micropumps 16 Ltd.). The flow rate was sufficiently high to replace the excited volume between laser shots at the 1 kHz 17 laser repetition rate. 18
Detection of the white light continuum was achieved using a diode array detector with 1024 deep well 19 pixels (LW-ELIS-1024A-1394, ISG of NY Inc.), after dispersion in a prism based home-built spectrom-20 eter. The pump light was chopped at 500 Hz to yield signal and background measurements on consecu-21 tive shots. These were subsequently divided to produce TA data in software (LABView). The pump-22 probe time delay was controlled with femtosecond resolution using a digitally controlled motorised de-23 lay stage (IMS600CCHA, Newport Spectra-Physics Ltd.) 24
Results and Discussion 1
The PL and UV/Vis absorption spectra of the CIS/ZnS QDs are consistent with literature 15, 25 and are 2 shown in Figure 1 . As expected, the formation of a ZnS shell significantly enhances the PL intensity 3 (not shown) and slightly blue-shifts the emission, as reported elsewhere. 36 The UV/Vis data of both core 4 and core/shell samples are spectrally almost identical, showing absorption out to about 700 nm. The 5 second derivative of the CIS/ZnS QDs data indicates that the first excitonic transition is centred at ap-6 proximately 540 nm. Upon excitation at this wavelength the steady-state PL spectrum shows a single Besides the GSB, which results in reduced absorption following partial removal of the ground state 10 population, a negative signal can also result from an emission process stimulated by the probe light. 11
Such an SE signal is expected in photoluminescent samples and should in principle resemble the steady 12 state PL spectrum. Despite the large Stokes-shift observed in CIS/ZnS QDs, the features in the absorp-13 tion and the PL spectra are both broad enough to overlap significantly between 550 nm and 700 nm. 14 Hence, the negative TA signal in this region might be expected to contain contributions due to both SE 1 and GSB. 2
Spectral Analysis 3
The transient data in figure 3 show the excited state evolution over the first 20 ps after excitation, at 4 various pump wavelengths in the range 540-772 nm (a-d). Spectral profiles through the transients at 5 ~1 ps show that the combined negative signal is red-shifted and apparently broader with increased pump 6 wavelength (see SI (S1)). Since the GSB component is not expected to shift with pump wavelength, the 7 observed red-shift could be related to a SE component stretching out to longer wavelengths. In fact, ini-8 tial fitting done on spectral cuts at 10 ps revealed such a negative band around 700 nm (see SI (S2)). 9
The ~1 ps spectral cut data in figure 3 were fit, using three Gaussian components: one positive, centred 10 at 950 nm, representing ESA; and two negative, representing GSB and SE. No constraints were imposed 11 on the GSB component. The centre position (693 nm) and FWHM (100 nm) were fixed for the SE com-12 ponent on the basis of the steady state PL spectrum, but no constraints were imposed on the amplitude 13 of any of the three components. A strong positive signal at the excitation wavelength, an artefact of the 14 incomplete subtraction of scattered excitation light, was removed manually from each profile prior to 15
fitting. 16
Fitting reveals that the long wavelength component of the negative signal is centred at ~700 nm and 17 stretches out to about 850 nm, consistent with the steady state luminescence spectrum. The second nega-18 tive component is assigned to the GSB signal. The red-shift of the negative band as a function of excita-19 tion wavelength can thus be understood as a change in the relative intensity of the GSB and the SE 20 components. The relative area of the SE component increases with pump wavelength, although the 21 overall absorption cross-section falls rapidly (see figure 1) , suggesting that saturation of the emitting 22 state is occurring at shorter excitation wavelengths. With 772 nm excitation, direct absorption to the CB 23
should not be energetically possible, yet a weak GSB signal is observed and the SE component remains 24 relatively strong. Two-photon excitation may be weakly populating the CB, which subsequently decays 1 to the trap states with high efficiency, avoiding saturation due to the low absorption cross section. at 10 ps to logarithmic scale. 10 After 2.8 ns (not shown) the transient at 620 nm levels off to an intensity of -31 mOD, which corre-11 sponds to ~45 % of the initial value at time zero. That the GSB recovery is incomplete is consistent with 12 a fraction of excitons being trapped in the emitting state on a timescale of 10-100 ns, as previous time-13 resolved PL studies suggest. 15 The kinetic data at 950 nm (figure 4) were fit with the two time constants 14 derived from the 620 nm data (i.e. 1.8 ps and 27 ps), but required an additional fast (0.5 ± 0.2 ps) com-15 ponent, which makes up 43 % of the overall signal amplitude at 950 nm, to describe the early decay as 16 can be seen in figure 4(b) . We therefore assign this ultra-fast component that is only present in the ESA 1 signal to a non-radiative decay into the long-lived emissive state, most likely a deep donor state arising 2 from an internal point defect. Kinetic analysis of the data presented in figure 3(d) also indicate a grow-3 ing SE signal component with  = ~0.4 ps (at ~700 nm), which further suggests a relaxation mechanism 4 via a sub-bandgap state (see SI (S5)). 5
A correlation between the amplitudes of the 27 ps component in the 620 nm and the 950 nm signals 6 was observed, each making up ~30 % of the total amplitude, once the data was normalised to exclude 7 the carriers trapped in the long-lived state. This indicates a direct coupling between the CB and VB that 8 can be described by Auger recombination. Multi-excitation processes such as Auger effects require high 9 pump fluence, which our experimental conditions provide; we have calculated the average occupation 10 number of the 1s electron state, , to be close to unity with at least 10 absorbed photons per particle 11 on average (see SI (S3)). Thus, the offset in the 620 nm data could also include a contribution from Au-12 ger recombination. 13
The faster component of ~1.8 ps could be explained by either carrier cooling or additional carrier 14 trapping, most likely at remaining surface defects due to incomplete surface passivation with ZnS. 15
However, the excitation wavelength in this study is such that single-photon excitation into higher quan-16 tised states is unlikely on energetic grounds. Carrier cooling is therefore expected to be minimal and we 17 attribute the 1.8 ps component with surface trapping. This is corroborated by a lack of characteristic de-18 rivative-shaped spectral features in the GSB (see Figure 2) . 19
Pump-Dump-Probe Experiments 20
To confirm that the 0.5 ps time constant is related to the observed PL in CIS/ZnS QDs, a dump laser 21 centred at a wavelength longer than the absorption band edge was used to drive the stimulated emission 22 process. The TA spectrum shown in figure 5(a) was pumped at 540 nm and dumped, after 6 ps, at 23 772 nm. Kinetic profiles at 600 nm, 695 nm and 950 nm are shown in figure 5(b) . At the dump time po-24 sition, the total signal intensity at 600 nm and 695 nm are reduced to ~42 % and ~75 % relative to the 1 previous values, respectively, whereas the ESA at 950 nm is unaffected. No spectral decomposition was 2 performed, however the latter qualitative observation is the most interesting, as it provides direct evi-3 dence that the absorbing excited state is not depopulated by the dump laser and is therefore not the 4 emissive state. The instant appearance of the ESA signal with the excitation laser implies it originates in 5 the CB, whilst the delayed rise of the SE component (~0.4 ps), which fits well with the 0.5 ps time con-6 stant assigned to a decay into an intra-gap state, implies that the SE originates from a sub-bandgap state. 7
Therefore, the traditional picture of both ESA and SE originating from the CB 34 is not consistent with 8 the pump-dump-probe data. The TA signal in the wavelength region 750 nm to 850 nm shows a small 9 increase in absorption, which is interpreted as a loss of the SE signal upon population dump. This ob-10 servation lends support to the idea that the observed room temperature PL in CIS/ZnS QDs can be at-11 tributed to the fraction of electrons which undergo an ultra-fast, non-radiative relaxation from the CB 12 into a long-lived, high-lying donor state. Whether the PL originates from a coupling with a low-lying 13 acceptor state or with the valence band remains an open question. However, the instantaneous response 14 of the GSB signal to the dump laser indicates either direct coupling to the valence band or ultrafast de-15 cay of the populated low-lying acceptor state on a sub-150 fs timescale. In either case, it is clear that the 16 emission cannot originate from the CB edge, but rather, must involve high-lying intra-gap donor states. 17
Our results postulate an electron-hole recombination via a trapped electron, which is contradictory to 18 the conclusion drawn in a recent publication by Cadirci et. al 35 that also investigated the relaxation dy-19 namics with femtosecond TA spectroscopy. Cadirci et. al 35 point out that 'the maximum bleach should 20 be twice the value after electron trapping', which is in good agreement with the data presented here in 21 figure 4(c), where the bleach amplitude increases from -70 mOD to a plateau of 22 ly -32 mOD after 50 ps. Admittedly, a direct comparison between the study by Cadirci et. al 35 and the 23 work presented in this paper is difficult as experimental conditions, such as excitation wavelength and 24 pump fluence, are different. Nevertheless, our findings are further supported by a recently published 1 study by Omata et. al 20 , who carried out a detailed size-dependent photoluminescence study on CIS 2
QDs and attributed the origin of the PL emission to either indium-copper anti-site defects (In Cu ) and/or 3 sulphur vacancy (V S ) defect states. It is argued that the V S -to-V Cu (copper vacancy, V Cu ) non-radiative 4 coupling is the dominant recombination pathway in CIS core-only QDs as the density of V S and V Cu at 5 the surface is high. 19 This agrees with the interpretation by Klimov et al. and explains the low PLQY 6 with competitive non-radiative pathways related to surface states. 37 It is thus generally accepted that V S 7 trap states at the QD surface provide a very efficient de-excitation channel in CIS QDs, and that they There remain two possible origins for the long time offset in the ESA: Internal defect sites may trap a 1 small fraction of the CB population in the interior of the QD and in the absence of efficient non-2 radiative decay via surface V Cu sites, these traps may be long lived. Alternatively, the formation of a 3 photoproduct could give rise to this offset at long time. There is some evidence in the 950 nm data (fig-4 ure 5(b)) for a picosecond timescale decay of the ESA residual following the dump pulse, which might 5 suggest refilling of the depopulated trap states. However, the effect is weak and our data are not conclu-6 sive in this regard. Furthermore, this effect would not occur under weaker illumination as would typical-7 ly be present in relevant applications. lence band (VB) on the grounds that the dependency on QD size of the VB and intra-gap states cannot 18 account for the size dependence of the observed PL spectrum. They therefore conclude that CB emission 19 must be involved in the radiative transition.
19 However, the extent to which the individual VB, CB and 20 intra-gap state energies depend on QD size is not well known. Cyclic voltammetry studies performed on 21 CIS QDs of various sizes indicate that the CB and VB actually shift much more evenly than predicted 22 from confinement models that are based on the effective-mass approximation.
10, 26 We therefore propose It is known that the electronic structure of ternary chalcopyrite compounds, in particular the hybrid-14 ized p and d orbitals near the VB edge, leads to an increased VB energy in bulk CIS. As the QD dimen-15 sions are reduced, the energetic overlap and thus exchange integrals between the S 4p and Cu 3d orbitals 16 will be reduced due to confinement. Therefore, the extent of p-d hybridization can be expected to be re-17 duced, lowering the VB energy and increasing the observed band gap. Our model of In Cu -VB emission in CIS QDs, based on our femtosecond dump data, is therefore con-3 sistent with theoretical models of size dependence in ternary chalcopyrite systems, once hybridization 4 effects are considered. 5 6
Conclusion 7
Steady state spectroscopy performed on CIS QDs indicates the involvement of intra-gap states in the 8 photoluminescence process, consistent with studies on CIS in thin film and bulk. [29] [30] [31] [32] 47 In this study 9 transient absorption (TA) spectroscopy was performed on CIS/ZnS QDs, revealing two time constants 10 (27 ps and 1.8 ps) in the recovery of the negative component. We identify the 27 ps time constant as 11
Auger recombination and the 1.8 ps time constant as population flow into a surface defect state. A third 12 time constant (0.5 ps) observed only in the infra-red excited state absorption (ESA) signal is related to a 13 non-radiative decay into an internal defect state. 14 A dump laser was used to depopulate the upper state of the radiative transition. Significantly, the ex-15 cited state absorption at long wavelengths was unaffected by the dump pulse, confirming that the radia-16 tive transition does not involve the conduction band as previously proposed by others, 15, 19, 34, 35 
